Rydberg atoms, with one highly-excited, nearly-ionized electron, have extreme sensitivity to electric fields, including microwave fields ranging from 100 MHz to over 1 THz. Here we show that room-temperature Rydberg atoms can be used as sensitive, high bandwidth, microwave communication antennas. We demonstrate near photon-shot-noise limited readout of data encoded in amplitude-modulated 17 GHz microwaves, using an electromagnetically-induced-transparency (EIT) probing scheme. We measure a photon-shot-noise limited channel capacity of up to 8.2 Mbit s −1 and implement an 8-state phase-shift-keying digital communication protocol. The bandwidth of the EIT probing scheme is found to be limited by the available coupling laser power and the natural linewidth of the rubidium D2 transition. We discuss how atomic communications receivers offer several opportunities to surpass the capabilities of classical antennas.
Rydberg atoms, created by nearly ionizing one electron of a neutral atom, can be used to create exquisitely sensitive electric field sensors. This is due to the Rydberg atom's dipole moment, d, which scales quadratically with the large, principal quantum number n, d ∼ ea b n 2 , where a b is the Bohr radius and e is the charge of the electron.
1 By probing many atoms at the standard quantum limit, 2 Rydberg sensors have the potential to reach many orders of magnitude higher sensitivity than traditional electrometers, 3 and have many other promising capabilities including high dynamic range, 4,5 SI traceability and self-calibration, [6] [7] [8] and operation frequency spanning from MHz 9 to THz 10 . However, little research has explored the application of quantum sensors (like Rydberg atoms) for precise, high-bandwidth classical communication using electro-magnetic fields.
11
Rydberg atoms offer several exciting possibilities to exceed what is possible with classical dipole antennas for classical digital communication. First, multiplexing communication using many transitions from 0.1 to 1000 GHz may lead to parallel, fast communication in multiple, widely disparate bands. Second, opticallyinterrogated Rydberg atoms avoid internal thermal noise that can limit classical antennas since the internal states of atoms can be optically pumped to effectively zerotemperature;
12 the readout noise is instead limited by the quantum projection noise of either the probing light (as seen in this work) or, in the ideal case, the atoms. Even when limited by the probing light, Rydberg atoms have already been shown to have record sensitivity down to 0.3 mV m −1 Hz − 1 /2 . 13 Finally, Rydberg atomic receivers could also, in principle, be used for sub-wavelength imaging 10, 14, 15 and vector detection 16 . Recent work has also shown cold Rydberg atoms can mediate direct, coherent electro-optical conversion of MW photons into the Figure 1 . (a) Probe (red) and coupling (blue) light counterpropagate in a vapor cell of rubidium atoms, forming a ladder-EIT system (shown in (b)) that excites ground-state atoms to a Rydberg state. Microwaves (green) from a horn antenna couple the |50D 5/2 and |51P 3/2 state, and split the EIT peak. A switch modulates the microwaves, and thereby the EIT splitting, and this is detected as amplitude modulation of the probe laser intensity. (c) Probe intensity modulation can be measured directly with a fast photodetector (d) or measured using an optical heterodyne, where a local oscillator (LO) beam is mixed with the transmitted probe.
optical regime via six-wave mixing. 17, 18 Given these potential strengths we introduce Rydberg atoms as a new potential platform for digital communication worthy of in-depth study.
In this work, we show that room-temperature Rydberg atoms can be used to implement a microwavefrequency (MW) receiver "antenna"
19 for classical, digital communication. We demonstrate phase-sensitive conversion of amplitude-modulated MW signals into optical signals and perform a demonstration of 8-state phaseshift-keying (PSK), the canonical digital communication protocol. We also measure the bandwidth limit of our electromagnetically-induced-transparency (EIT) probing scheme and observe a near photon-shot-noise limited channel capacity of up to 8. microwaves. Finally, we calculate the expected atomshot-noise limited performance of a Rydberg receiver and find it to be an order of magnitude better than the present measurement.
A schematic of our experimental apparatus is shown in Fig. 1(a) , and the core elements are similar to those of other EIT-based Rydberg electrometry work 4, 6 (see Supplementary Material for additional details). We use a MW horn to address a 17.0415 GHz transition between the |50D 5/2 and |51P 3/2 states. The resonant microwave field establishes an Autler-Townes splitting, proportional to the MW Rabi frequency Ω µ , which is probed using EIT, shown in Fig. 1(b) . The 480 nm coupling beam counter-propagates with respect to the 780 nm probe to largely cancel Doppler-broadening of the room-temperature atoms. To observe EIT we either directly measure the transmitted probe power (Fig. 1(c) ) or perform heterodyne detection by interfering the probe with a 78.5 MHz-detuned local oscillator (LO).
In Figure 2 (a) we present an example measurement of probe transmission, V trans , normalized to the amplitude of the EIT peak V 0 , observing EIT with the microwaves on (green trace) and off (blue trace). To send digital information we amplitude modulate the MW field. The modulation phase ϕ µ encodes 8 states, corresponding to all permutations of 3 bits ranging from 000 to 111. The possible states are shown in the I-Q plane in the inset of 2(b). The amplitude modulation is imposed, through EIT, onto the probe laser transmission, and the resulting oscillating probe transmission is then demodulated into an In-Phase voltage V I and a Quadrature-Phase voltage V Q using a lock-in amplifier. Five distinct examples of the demodulated signal V I are plotted versus probe detuning in Fig. 2(b) . These V I signals are proportional to the subtraction of two EIT signals V trans , with microwaves on and off, such as those shown in Fig 2(a) , which leads to features dependent on the MW Rabi frequency Ω µ as described in the Supplementary Materials.
We demonstrate a PSK protocol by rapidly changing the phase ϕ µ of the amplitude modulation while measuring the lock-in signals at zero detuning. ϕ µ is reconstructed from ϕ µ = arctan(V Q /V I ). Fig. 2(b) . Effective signal recovery is done when the demodulation phase is optimized (i.e. rotation of the phase space) and the clock is properly recovered (i.e. sampling the correct set of data points spaced by the symbol send period). The data transmission rate in this experimental configuration is ultimately limited to ∼1 Mbit s −1 by the speed of the lock-in amplifier. 20 In order to show the potential utility of the Rydberg receiver we next characterize the more fundamental limits.
One of the most important figures of merit for any receiver is the maximum channel capacity C for a single channel. This is given by the Shannon-Hartley Theorem in terms of the signal-to-noise ratio in variance (SNR) and the channel bandwidth (BW), and can be used to determine the achievable communication rate for a channel given a symbol frequency f sym , the measured signal S in volts, and the voltage noise spectral density N (assumed here to be random white noise):
(1) The channel capacity is optimized when SNR = 1 and will, in principle, saturate with increasing f sym beyond the optimal point. Often the signal degrades with increasing symbol frequency beyond a characteristic frequency determined by the atoms and the measurement method used, leading to a reduction in channel capacity.
We first experimentally measure and theoretically model the bandwidth of our Rydberg receiver. We apply a constant multiplicative scale factor to both of these theory lines, corresponding to systematic underestimation, due to unaccounted-for Doppler-broadening and magnetic sublevels. The value of this parameter, 1.2, is consistent with similar offset effects described in [27] . The measured data show good agreement with the numerical model over the entire experimental range. In the weak probe/strong EIT regime (Ω p Γ, Ω the estimated ground-state dephasing rate. The blackdashed line of Fig. 3 (b) shows this limit. This analytical prediction is also confirmed by our data. Figure 3 (c) shows the 1/e rise times corresponding to the MWs being turned off, τ r . This situation represents the well-studied EIT pumping rate, Ω EIT ≡ Ω 2 c /2Γ, for a ladder EIT system and translates to the time needed to establish the EIT dark state (i.e. resulting in greater probe transmission). 29 We show fitted rise times for the lowest and highest MW powers (green and maroon points, respectively) versus Ω EIT in units of the groundstate dephasing rate γ. In these units, Ω EIT 1 is considered to be in the strong EIT regime. As expected, τ r scales inversely with Ω EIT . We also see reasonable quantitative agreement with the numerical model. In Fig. 3 parts (b) and (c), for our current parameters, the best achievable rise time τ r is slower than the best fall time τ f , showing we are limited by the coupling power. However, we note that for a sufficiently strong coupling laser, the fall-time limit would be the bandwidth limit for our EIT probing scheme.
Another consideration that may affect the SNR and bandwidth is dipole-dipole interactions between groundRydberg states and between Rydberg-Rydberg states. In this work the low atom density of our vapor cell limits the effects of interactions relative to the Doppler and transit broadening. However, increasing the atom density to improve SNR or going to higher principal quantum numbers to use lower MW frequencies may lead to complications and increased dephasing from collisional broadening or Rydberg blockade due to dipole-dipole interactions.
30,31
To measure the photon-shot-noise-limited channel capacity we change the measurement scheme to the heterodyne configuration (see Fig. 1(d) ). In heterodyne, gain from the LO amplifies the signal and increases the photon-shot-noise. For sufficiently high LO powers, the photon-shot-noise becomes the dominant noise source, allowing one to disregard other technical noise sources. We record the transmission signal amplitude S = V trans and output voltage noise spectrum N using a spectrum analyzer. Measuring these quantities versus the symbol frequency (assuming one symbol per modulation period) allows us to calculate the maximum attainable channel capacity via Eq. 1. Figure 3(d) shows the empirical channel capacities for our highest (black) and lowest (blue) coupling powers. The dashed lines show the channel capacity including all measured noise sources (i.e. detector and laser frequency noise) while the lines with data points show the channel capacity with only photon-shot noise. There are three primary regions of interest. For low symbol frequency the channel capacity is limited by the modulation rate, and shows a linear rise in capacity. The channel capacity then peaks when SNR is reduced to 1 by the increasing photon-shot noise and decrease in signal, due to the limiting bandwidths τ r and τ f described above. For higher symbol rates the bandwidth-limited signal reduction dominates and the channel capacity decreases rapidly.
The maximum empirical channel capacity for the
at a 4 MHz symbol rate. As already described, this capacity is significantly limited by the EIT probing scheme and the associated photon shot-noise. Even so, the sensitivity of the photon-shot-noise limited Rydberg receiver detecting a ∼ 13 mV m −1 MW field allows for a channel capacity of 10 kbit s −1 which is sufficient for some applications such as audio transmission.
However, the photon-shot-noise that is limiting our current measurement is not a fundamental limit. Wavefunction collapse limits the SNR when using Rydberg atoms, or any other sensor made of 2-level quantum systems, to the Standard Quantum Limit for measurement of a quantum phase φ. For classical communication the maximum possible accumulated phase for one transmitted symbol is φ = Ω µ · t m , assuming a coherence time longer than the symbol period t m = 1/f m . The standard quantum limited phase uncertainty is ∆φ = 1/ √ N , where N is the number of qubits (atom number in our case).
2 This leads to a quantum-limited SNR,
, and theoretical channel capacity,
The red line of Figure 3 (d) shows this predicted channel capacity for the same MW field. The maximum channel capacity for 1000 atoms is predicted to be ∼ 292 Mbit s −1 , a more than 30-fold increase over the current maximum attained with photon-shot-noise. Finding a way to achieve the standard quantum limit with room-temperature Rydberg sensors is a significant avenue for further research. Due to EIT's inherent photon-shot-noise and bandwidth limits that we have characterized here, other probing schemes may be advantageous. Recently realized alternatives that do not rely on optical probing include state-selective ionization of the Rydberg state followed by detection with a multi-channel plate. 32, 33 Electro-optic conversion from MW to optical fields, while different than what we have demonstrated (EIT probing converts only the modulation from MW to optical fields), is another alternative.
18 However, high efficiency operation requires mode-matching the MW field to the mode volume of the mixing light fields, 17 which can be difficult for free space communications.
Notably, the quantum-limited channel capacity does not a function of the carrier frequency. This is significantly different from the standard data transmission limit for electrically small antennas, often referred to as the Chu limit, which states that the characteristic quality factor (inverse fractional bandwidth) of an electricallysmall, efficient antenna is Q ≈ 1/(k 3 a 3 ) where a is the size of the antenna and k is the wave-vector of the MW field. 34, 35 In contrast, Rydberg atomic sensors can be used with a characteristic size of a few micrometers, 36 while generally maintaining their bandwidth. As a quantitative comparison, consider the 802.11ac Wi-Fi standard for a 5 GHz carrier. This standard has a maxi-mum single channel data rate of 867 Mbit s −1 at a BW of 160 MHz. 37 However, if one were to use an efficient, electrically small antenna 500 µm in size (a cell size readily achievable with Rydberg atoms 36 ) the BW would be reduced to less than 90 kHz, significantly reducing the data rate. This comparison is somewhat simplistic; atoms and classical antennas measure electric fields in fundamentally different ways, and an in-depth comparison should be the subject of future work. However, it highlights a potential regime where atomic sensors may significantly outperform a fundamental limit of classical antennas for communication. Rydberg quantum sensors may offer an alternative approach to achieve simultaneously small, high speed, and exquisitely sensitive receivers. As previously mentioned, they also have many additional attractive properties: because there are so many available Rydberg states, changing the carrier frequency only amounts to changing the laser frequency, requiring no moving parts; vector detection and sub-wavelength imaging are also possible. Further study, beyond the scope of this initial work, will be required to discover the precise applications where Rydberg quantum sensors can outperform existing antennas. Nonetheless, this system holds significant promise to become one of a small number of useful technologies operating in the quantum regime.
SUPPLEMENTARY MATERIAL
See supplementary material for a detailed description of the experimental apparatus, the demodulated signal dependence on MW Rabi frequency, and the derivation of the τ f limit for a transit-broadened medium. 
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EXPERIMENTAL DETAILS
The 780 nm probe light is generated by an external cavity diode laser, linewidth ∼150 kHz, that is beat-note locked to a distributed Bragg reflector diode laser stabilized via saturated absorption spectroscopy to a separate reference vapor cell. The probe light power is actively stabilized using an acousto-optic modulator (AOM) and is focused to a 1 /e 2 radius of 100 µm at the center of a 75 mm long vapor cell. At room-temperature, we measure the optical depth to be ∼ 0.4. The strong 480 nm coupling beam is also focused, to a 1 /e 2 radius of 50 µm, so as to have sufficient coupling to the Rydberg state and is generated by a commercial doubling system (Toptica SHG-Pro) that is stabilized to an ultra-low expansion (ULE) reference cavity. This stabilization reduces the linewidth to approximately 2 kHz. The probe and coupling light are overlapped using a dichroic mirror. These beams counter-propagate in a room temperature, natural abundance rubidium vapor cell with vertical linear polarizations. The microwave (MW) field to be measured is also vertically polarized and propagates perpendicular to the light beams.
The MW field at the resonant 17.0415 GHz frequency is synthesized by a Rhode-Schwarz SMF100A signal generator and applied to the vapor cell using a WR51 waveguide horn antenna. The absolute generator power was calibrated using standard Autler-Townes measurements with MW field Rabi frequencies greater than the electromagnetically-induced-transparency full-width half-max linewidth (Γ FWHM ≈ 4 MHz). In this regime the MW Rabi frequency Ω µ (and by extension the electric field amplitude |E µ |) is related to the Autler-Townes peak splitting ∆f by Ω µ = ℘ µ |E µ | / = 2πD∆f , where ℘ µ is the dipole moment of the MW transition. 6 The scaling factor D = λ p /λ c is due to residual Doppler shifts from the mismatched probe and coupling wavelengths, described in detail below. The generator output is extrapolated from this calibration for ∆f < Γ FWHM where the AT measurement is no longer resolvable. The MW field modulation is done using an external MW switch (Hittite HMC-C019) on the output of the MW signal generator. The phase of the modulation is controlled via the phase of the TTL-control signal.
The probe intensity modulation due to the amplitude modulated MWs is measured by a fast photodetector (Thorlabs PDA10A) behind a 780 nm laser line filter in two configurations. The first configuration is direct detection (see Fig. 1(c) of the main text) with the signal analyzed using: a lock-in amplifier (Stanford Research SRS865) to demodulate the signal into I and Q quadratures, as done for the data of Fig. 2 (the modulation for 2(a) is on the coupling light, the modulation for 2(b) and (c) on the MWs); or a digital storage oscilloscope (Keysight DSOX1102G) to obtain the time-domain response, as done for the data of Fig. 3(a-c) . The second configuration is optical heterodyne detection, in which a strong (∼4 mW) local oscillator derived from the probe laser, shifted 78.5 MHz, is interfered with the transmitted probe using a 50/50 fiber splitter. The resulting beat signal is measured using an identical fast photodetector with the output sent to a spectrum analyzer (Agilent N9020A), as done for the results shown in Fig. 3(d) .
Overall experimental control and timing is implemented using the open-source labscript suite.
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DERIVATION OF SCALING FACTOR D
While always stated in Rydberg electrometry manuscripts, 4, 6, 8 the derivation of the scaling factor D in the electrometry context is not readily available in the literature. Here we provide the derivation, which is a specific application of the derivations used in the context of fine and hyperfine splitting measurements using ladder-EIT.
39,40
We begin by supposing a ladder-EIT measurement of an AT-split excited state like that shown in Fig. 1(b) of the main text. In order to see the EIT transmission peaks the probe and coupling light must be two-photon resonant for some velocity class of the thermal atoms:
is the detuning of the probe or coupling light seen by atoms with velocity v along the light propagation direction, ω 0i is the atomic resonance, and δ i is the light detuning from atomic resonance.
If Ω µ is less than the Doppler linewidth of the probing state (∼ 500 MHz for room temperature rubidium) the strongest observed resonance will always occur with atoms having a velocity such that both the coupling and probe and singly resonant. This enforces that ∆p(v) = 0 and ∆c(v) = ±Ω µ /2. Using these relations we can solve for the scaling factor D for when either the probe or coupling light is scanned over the AT splitting.
When the probe is scanned, the coupling light is kept resonant with the atomic transition, δ c = 0. Solving for the probe detuning that achieves resonance with the AT peaks gives δ
Since Ω µ ω 0c for all conceivable MW powers the denominator can be reduced, leading to a measured probe splitting due to the excited state AT splitting of 2π∆f = Ω µ ω0p /ω0c. This gives a scaling factor D = λ p /λ c .
When the coupling light is scanned, the probe is kept resonant with the atomic transition, δ p = 0. Again solving for the coupling detunings that acheive resonance with the AT peaks gives δ ± c = ±Ω µ /2. This leads to a measured AT splitting of 2π∆f = Ω µ and a scaling factor D = 1. 
DEMODULATED SIGNAL DEPENDENCE ON Ωµ
In typical Rydberg electrometry measurements the MW field resonantly couples two nearby Rydberg states that are then probed using a ladder EIT scheme. The MW coupling results in Autler-Townes (AT) splitting of the EIT peak that is proportional to the MW Rabi frequency, by Ω µ = 2πD∆f . This in turn provides a very sensitive, SI-traceable measure of MW electric field amplitudes, as described in the experimental details.
6 However, if the AT splitting is less than the linewidth of the EIT signal the splitting is unresolved and other, less exact, methods must be used. 4 Furthermore, even when AT splitting is resolvable, if the splitting is not greater than twice the EIT full-width-half-max linewidth the linear dependence described above is not valid as the atomic system transitions from an AT dominated signal to an EIT dominated signal.
8 As a result, techniques for obtaining linear, precise measures of AT splitting near or less than the EIT linewidth are of particular value to the accurate measure of MW electric field amplitudes. The demodulated signal shown in Fig. 2(b) of the main text has two primary features with widths that depend on the MW Rabi frequency that are also clearly resolvable well within the EIT linewidth: the outer peaks splitting and the zero crossings splitting. Furthermore, thinking of the demodulated signal as the simple subtraction of the AT signal by the EIT background hints at the possibility of a way to model the signal to extract the MW Rabi frequency directly.
Due to residual Doppler-broadening the typical lorentzian peak of EIT becomes approximately gaussian. If we then take the AT peaks to also be gaussian we are able to create a simple model of three gaussian peaks, one with negative amplitude, to fit the demodulated signals and extract the AT splitting. In Fig. S1(a) we show the result of these fits compared with the linear AT splitting expected for higher MW powers. In agreement with the results of Ref. [8] we obtain non-linear deviations from the linear AT splitting when the splitting is less than twice the EIT linewidth (2Γ FWHM ∼ 8 MHz). This suggests the model is effective at extracting the AT splitting.
In Figure S1 (a) we also plot the width of the outer peaks splitting and the zero crossings splitting for the same demodulated signals, the green and blue points respectively. While analytic models of this transitional region are difficult to obtain it is interesting to note that the dependence on the MW Rabi frequency is linear, even when the AT splitting is well within the EIT linewidth. As might be expected, the slope and zero crossings of the linear fits to these data depend on experimental parameters other than the MW field. However, their linear regions continue into the well resolved, AT split regime and therefore could be calibrated precisely using the AT splitting of higher MW fields, effectively extending the regime of linear response to MW fields nearly an order of magnitude lower.
In Figure S1 (b) we show the scaling of the resonant demodulated signal (shown in Fig. 2(b) of the main text) versus MW Rabi frequency. As can be expected, the scaling of the signal magnitude changes as the signal transitions through the EIT linewidth. This measured scaling allows us to extrapolate the photon-shot-noise limited sensitivity from the measured SNR of the heterodyne measurement in the main text at the relatively high MW field of 395 mV m −1 . From this we estimate the photon-shot-noise limited sensitivity of the Rydberg receiver to be 0.13 mV m −1 Hz − 1 /2 . Accounting for the differences in experimental parameters, this value agrees with the measured photon-shot-noise limited sensitivity reported by Kumar et. al..
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DERIVATION OF τ f LIMIT FOR A TRANSIT-BROADENED MEDIUM
The expression for the fall time τ f , as presented in the footnotes of [28] , in the context of laser-cooled atoms, is
This assumes a typical N -level configuration with two excited states with natural linewidths Γ, γ µ (for the probing and MW transitions, respectively) and the two ground states having infinite lifetime. The four levels are coupled together with optical fields with Rabi frequencies Ω p , Ω c , and Ω µ that correspond to the probe, coupling, and MW fields used in our experimental configuration. This result is derived from the optical Bloch equations in the weak probe limit (i.e. equations are taken to first order in Ω p and all population is assumed to be in the lowest ground state.). In the limit of large MW Rabi frequency Ω µ the fall time τ f approaches a minimum value of 2/Γ. Assuming sufficiently large Ω c such that the EIT condition is met, this time sets the basic bandwidth limit for EIT probing of the MW modulation.
For warm atoms, as used in this work, ground-state dephasing due to transit effects must also be considered. Transit dephasing is the result of thermal atoms traversing the probe beam profile. While within the profile, an atom interacts with the light as expected and becomes polarized according to the Hamiltonian of the system. Once the atom leaves the profile, it is replaced by a fresh, unpolarized atom, which dephases any coherent effects established. The transit dephasing is related the the probe beam size and the temperature of the atoms. We estimate the total ground-state dephasing, including non-transit sources, to be γ ≈ 2π × 1.14 MHz for our experimental setup.
41
Under the weak probe approximation, using the method of [28] explained above, and including transit dephasing with all excited-state natural lifetimes for our experimental system, the optical Bloch equations for the coherences induced by the probe, coupling, and MW fields 
When Ω µ Ω c , Γ, γ this reduces to a minimum fall time of 2/ (2γ + Γ), which is approximately 1.45Γ using the experimental parameters of Fig. 3(b) in the main text. We see that transit dephasing allows us to exceed the cold-atom EIT result (2/Γ) by providing a second loss mechanism for the atomic coherence established in EIT. In much the same way a parallel resistance can improve the bandwidth of a classical antenna at the expense of signal efficiency, transit dephasing can improve the bandwidth of the EIT probing scheme at a cost of reduced signal.
In Figure S2 we compare this model to experimental fall time data and the numerical model described in the main text versus coupling Rabi frequency Ω c for a few fixed MW powers. For the higher coupling powers we see good agreement with the measured data. However, the analytical model predicts that the fall time should decrease with decreased Ω c . This expected behavior has been seen in similar EIT-based cross-phase modulation systems where the EIT linewidth, which is inversely proportional to Ω c , sets the bandwidth of the modulation. 27, 29 However, both the data and the numerical model show the opposite trend. This is due to a breakdown of the analytical model as the weak probe/strong EIT regime assumption becomes less valid. As mentioned in the main text, the EIT regime is when Ω 2 c /Γγ 1 which is only approximately true for the data presented. In this weak EIT regime greater Ω c leads to a stronger EIT signal that effectively has a larger linewidth and therefore bandwidth.
In short, increased coupling power to fully obtain the EIT regime is necessary for greater signal bandwidth. However, increasing the coupling power well beyond the EIT regime will eventually lead to reduced signal bandwidth as the EIT linewidth is narrowed.
